For storm drainages inappropriately connected with sewage, wet weather discharge is a major factor that adversely affects receiving waters. A study of the wet weather influences of rainfall-discharge variables on storm drainages connected with sewage was conducted in the downtown Shanghai area (374 ha). Two indicators, event mean concentration (EMC) and event pollutant load per unit area (EPL), were used to describe the pollution discharge during 20 rain events. The study showed that the total rainfall and discharge volume were important factors that affect the EMCs and EPLs of the chemical oxygen demand, total phosphorus, and especially those of NH 4 þ -N. The pollutant concentrations at the beginning of the discharge and the discharge period were also major factors that influence the EMCs of these three pollutants. Regression relationships between the rainfalldischarge variables and discharge volume/ EPLs (R 2 ¼ 0.824-0.981) were stronger than the relationships between the rainfall-discharge variables and EMCs. These regression equations can be considered reliable in the system, with a relative validation error of less than ±10% for the discharge volume, and less than ±20% for the EPLs. The results presented in this paper provide guidance for effectively controlling pollution in similar storm drainages.
INTRODUCTION
For reasons such as planning, construction and management, the erroneous flow of sewage in storm drainages has become a widespread problem in some urban storm drainages (Xu & Zhang ; Morihama et al. ; Li et al. ; Xu et al. ) . In some regions, sewage during dry periods is intercepted and transported to wastewater treatment plants (WWTPs); however, some excess sewage can still be discharged into receiving waters (i.e., rivers) due to a limited interception capacity. In wet weather, stormwater and sewage are both discharged into receiving waters, which is referred to as urban wet weather discharge (UWWD) (Bi et al. a) . Three main pollution sources contribute to UWWD: sanitary and industrial sewage, nonpoint-source pollution from urban surfaces, and sediment that has accumulated in storm drainages during dry periods (Bertrand-Krajewski et al. ; Soonthornnonda & Christensen ; Gasperi et al. ; Zgheib et al. ) . As cities develop, the percentage of impervious area increases, thereby increasing the amount of runoff, altering the original runoff processes under natural conditions, decreasing the natural storage capacity of the soil, accelerating the time of the runoff peak appearance and increasing the peak flow (Lee & Bang ; Zhang et al. ; Chow et al. ) . According to some previous studies, global climate change is increasing the frequency and intensity of rainfall; hence, surface runoff into storm drainages will significantly increase, consequently washing more sediment into receiving waters (Jalliffier-Verne et al. ). The growth of urban populations also increases the quantity of sewage that ends up in storm drainages. Therefore, the pollution discharged into receiving waters through urban storm drainages in wet weather seriously threatens the hydrologic environment. Furthermore, pollution in the early stage of discharge contains many pathogenic microorganisms, nutrients (nitrogen and phosphorus) and toxic substances (Casadio et al. ; Bi et al. b; Thorndahl et al. ) . If the discharge is not treated or intercepted effectively, these pollutants will directly enter receiving waters, threatening both the urban hydro-ecological environment and human health (Gromaire et al. ; Chebbo & Gromaire ) . Thus, to control UWWD effectively, it is important to study the influences of rainfall variables and antecedent discharge on urban effluent concentrations and loads in wet weather.
The factors that influence UWWD are complex. Some researchers have suggested that UWWD is related to the catchment surface area, type of land use, proportions of impervious surfaces, local meteorology, connected sewage, rainfall characteristics, etc. (Li et al. ; Sun et al. ; Feng & Wu ) . In different regions, the event mean concentration (EMC) and event pollutant load per unit area (EPL) are different (Kafi et al. ; Becouze ; Bi et al. a) . In a specific area, rainfall characteristics are important factors; however, in storm drainages connected inappropriately with sewage, the previous discharges are also important. The influence of rainfall on pollution discharge has been previously studied . However, studies of the influences of both rainfall and previous discharges on the pollution discharge have not yet been carried out in detail, especially for storm drainages connected inappropriately with sewage.
Quantitative research on effluent concentrations and loads in wet weather has generally been performed based on two approaches. The first approach is numerical simulation based on the understanding of physical models (Tsihrintzis & Hamid ; Choi & Ball ; Krebs et al. ; Madarang & Kang ; Mancipe-Munoz et al. ) . This approach has the advantage of requiring less pollutant monitoring data; however, it requires numerous characteristic parameters. The second approach involves building a statistical regression equation. This approach is operationally simple, and it includes fast calculations that require fewer input variables. The major disadvantage of this approach is that it requires a large amount of monitoring data. Additionally, regression equations cannot be extrapolated to other regions. In a data-rich area, a statistical regression equation can reflect the relationship between a dependent variable and independent variables, easily predict research factors and be applied to studies of pollution discharge ( (Ellison et al. ) . All of these studies focused more on the relationship between discharge pollution and rainfall and less on the relationships between discharge pollution, rainfall and antecedent discharge. Different drainage systems, regional population densities and land use structures produce different relationships among discharge pollution, rainfall and antecedent discharge. Therefore, regions with high population densities, high degrees of urbanization and combined sewage should build individual regression equations between discharge pollution, rainfall and antecedent discharge. Understanding these relationships and quantifying discharge concentrations and loads in wet weather can improve design criteria and optimize interception, thereby controlling pollution associated with UWWD. Thus, the concentrations and loads of pollutants in these types of storm drainages should be examined and analyzed to determine their correlations with rainfall and antecedent discharge and improve the water quality of receiving waters.
In this paper, 20 rain events were surveyed in the storm drainage of Xuhui District, Shanghai, China, in 2011 and 2015. The rainfall variables and discharge variables in antecedent dry or wet weather conditions were considered to assess the characteristics of pollution discharge at the event scale. The main objectives of this study are as follows: (1) identify the main factors that influence the EMCs and EPLs of major pollutants during rainfall events; (2) identify the correlations between the EMCs and EPLs of major pollutants, rainfall variables and discharge variables; and (3) construct equations to estimate the discharge volume and pollution discharge in wet weather.
MATERIALS AND METHODS

Study area
This study was conducted in the Caohejing catchment area (Figure 1 ), which is a typical high-density urbanized area (approximately 270 population/ha) in Shanghai's downtown area, comprising 374 ha. The land consists of residential (41%); commercial, physical and institutional (27%); industrial (25%); and park (7%) areas. The storm recurrence interval in the Caohejing catchment area is 1 year, and the total runoff coefficient is 0.7. The Puhui River receives discharge from the storm drainage in the catchment. The pumping station in the Caohejing catchment area is a flood control pumping station equipped with six axial flow pumps (2.3 m 3 /s per pump) that discharge stormwater to the Puhui River. In the area, there are 200 pollution sources inappropriately connected to the storm drainage. In dry weather, the station is equipped with two additional sewage interception pumps (0.25 m 3 /s per pump) that run 24-hours, and 21,600 m 3 /d of sewage is transported to WWTPs. However, due to groundwater infiltration and river water backflow into the storm drainage, some excess sewage is still discharged into the Puhui River (Xu et al. ) . Moreover, during rainfall events, the intercepting pumps are usually closed to reduce the pressure associated with peak flows at WWTPs; thus, stormwater and sewage are mixed and discharged into the Puhui River. This information was provided by the Shanghai Municipal Sewerage Co., Ltd and the Shanghai Academy of Environmental Sciences.
Sampling and analysis
Samples were collected using an Isco 6712 autosampler at the pumping station forebay in the Caohejing storm drainage. The autosampler was fitted with a data-logging system to record measurements at 15, 30 or 60 min intervals based on the rainfall characteristics. The autosampler started sampling when the axial flow pumps started and continued until the discharge ceased. When the discharge duration was longer than the time required to fill 24 1 L bottles in the autosampler, the bottles were replaced manually with new bottles for continuous sampling. All the samples were stored in HDPE bottles at 4 W C and were analyzed within 8 h. Three identical water samples were collected during each sampling to ensure precision and accuracy. Four parameters of water quality pollutants were measured, including TSS, chemical oxygen demand (COD), ammonia nitrogen (NH 4 þ -N) and total phosphorus (TP). COD is strongly correlated to TSS in these events, with a correlation coefficient ranging from 0.83-0.92, and a high correlation between TSS and COD has been noted in previous studies (He & Tian ; Gasperi et al. ; Bi et al. a) . In addition, COD is a good indicator of organic pollution and eutrophication in aquatic environments. Therefore, COD is selected to analyze the relationship between the discharged pollution and rainfalldischarge variables in this study. TP is another indicator of eutrophication in aquatic environments, and NH 4 þ -N is soluble and mainly associated with sewage (Soonthornnonda & Christensen ; Gasperi et al. ; Li et al. ). Therefore, indicators of COD, NH 4 þ -N and TP were selected to analyze the relationships between the discharged pollution and rainfall-discharge variables in this study. These parameters and their respective analytical limits of detection (LOD) fell within the national standard guidelines of China.
Rainfall events
The annual average rainfall in Shanghai was 1,133 mm from 1971 to 2010, with a minimum rainfall of 667 mm in 1978 and a maximum rainfall of 1,729 mm in 1977. Most of the rainfall occurred during the summer and autumn, corresponding to the southeast monsoon season in Shanghai. A rain gauge was placed at the Caohejing pump station, and rain and discharge data were obtained from the comprehensive drainage application system of the Shanghai Municipal Sewerage Company, Ltd (see http://www.smsc.sh.cn/oa_index/). According to the classification standard of the Shanghai Municipal Sewerage Co., Ltd, a total rainfall of less than 10 mm in 24 h was classified as light rain, 10-25 mm was classified as moderate rain, 25-50 mm was classified as large rain and more than 50 mm was classified as heavy rain. Of the 235 rainfall events with 0.2-173.2 mm of rainfall that occurred from 2009 to 2011, 156 were light rains, accounting for 66.4% of all rainfall events. Additionally, 41 were moderate rains, 26 were large rains and 12 were heavy rains, accounting for 17.4%, 11.1%, 5.1% of all events, respectively, as shown in Figure 2 .
Generally, the pollutant concentrations in discharge are higher during light and moderate rains; however, the pollutant concentrations in the early stage of discharge are high during heavy rains, but then decrease due to rainwater dilution. To better describe the characteristics of the pollution discharge, light to moderate rain events are the focus of this study. Twenty typical rainfall events were selected in 2011 and 2015 (Table 1) . Among these events, four were less than 10 mm (light rain), nine were between 10 and 25 mm (moderate rain), three were between 25 and 50 mm (large rain) and four were more than 50 mm (heavy rain). Five rainfall variables were selected to describe the rainfall characteristics: total rainfall (R total ), rainfall duration (R duration ), mean rainfall intensity (R intensity ), peak rainfall (R peak ) and dry antecedent time (D dry ). Because the storm drainages are connected with sewage, the discharge pollution is not only related to the volume of discharge (V discharge ) but also to the pollutant concentrations at the beginning of the rainfall event (i.e., the initial concentrations and pollutant concentrations of the first sample). The initial concentrations are affected by sediments that accumulate due to sanitary and industrial sewage inputs during dry periods. Xu et al. showed that sediment accumulation is an important factor that affects the pollution load at the outlet (Xu et al. ) . Antecedent discharge carries away some of the sediments and decreases the amount of sediment present during the next rainfall event. More sediment will accumulate if the interval between the antecedent discharge and next discharge event is large. Therefore, two discharge variables were selected to describe the antecedent discharge characteristics and study the effect of antecedent discharge on current discharge pollution: the antecedent discharge volume (V ant discharge ) and the time interval between the two adjacent discharges (T ant discharge ).
Data processing
EMC is an important analytical parameter that refers to the discharge-weighted average concentration of a pollutant based on the entire discharge volume in wet weather (Smullen et al. ). The EMC value was determined as follows:
where C t (mg/l) is the pollutant concentration at time t, Q t (m 3 /s) is the discharge flow rate at sampling time t, n is the total number of times that the discharge was sampled and Δt (min) is the sampling time interval. EPL reflects the load density of each pollutant (Li et al. ) , which is the load per active surface area for a specific event. Values of EPL are obtained using the following formula:
where A is the active surface area in the catchment that effectively contributes to runoff (ha). The EMC and EPL values of the pollutants were calculated to describe the characteristics of discharge for each event. The experimental data were analyzed using a statistical approach. In this paper, the statistical analysis software package IBM SPSS Statistics 19.0 was used to compute the Pearson's correlation coefficient (r) and determine the correlations between the EMC and EPL values of the pollutants and the rainfall-discharge variables. The variables are fully correlated if values of À1 (negative correlation) or 1 (positive correlation) are obtained. A weak correlation was defined as values between 0 and 0.3, and a low correlation was defined as values between 0.3 and 0.5. Furthermore, values between 0.5 and 0.8 indicated a significant correlation, and values between 0.8 and 1 indicated a highly significant correlation. The statistical significance of each correlation coefficient was assessed using Student's t-test, and critical values were obtained from Pearson's table for n ¼ 2 degrees of freedom (where n is the observed sample size) at different statistical risk levels (P ¼ 0.05 or 0.01).
A multiple linear regression equation was used to estimate the discharge volume, EMC and EPL, which are affected by multiple factors. IBM SPSS 19.0 was used to build the equation. To avoid multiple collinearity between some variables, a group of variables with high correlation (correlation coefficients higher than 0.8 and lower than 1) was selected according to a bivariate correlation analysis. Then, the variables with large correlation coefficients based on the discharge volume, EMC and EPL were selected in the regression analysis. According to the F statistic values, the stepwise regression method was used to build regression equations for the discharge volume, EMC and EPL. In each step, the independent variables in the regression equation were considered until no variables could be removed from the regression equation and no independent variables could be added, resulting in an equation with the lowest F statistic. The equations of multiple linear regression are expressed as follows:
.n) are independent variables that include rainfall and discharge variables; V Ã discharge , EMC Ã and EPL Ã are the estimated values of discharge volume, EMC and EPL, respectively, according to the independent variables of x i ; and a i , b i and c i (i ¼ 1…..n) are the partial regression coefficients of the independent variables. A partial regression coefficient is the ratio of a dependent variable to the change in a single independent variable when the remaining independent variables are fixed.
RESULTS AND DISCUSSION
Inter-event pollutant concentrations and pollutant loads for different rainfall events Table 2 shows the EMCs and EPLs obtained from Equations (1) and (2) for each monitored pollutant during 20 rain The initial concentrations of pollutants are closely related to the sediments in the storm drainage before rainfall events, especially the COD. Previous studies showed that approximately 50-70% of COD pollution from a combined system was associated with sediment from sewage during rainfall events, and the remaining percentage was from surface runoff (Chebbo & Gromaire ; Lei et al. ) . Therefore, it is important for the initial concentration to study the EMCs and EPLs of pollutants in different events. The initial pollutant concentration of the first sample and final pollutant concentration of the last sample of discharge are also summarized in Figure 3 . The initial pollutant concentrations, especially COD and TP, are mainly affected by the antecedent discharge volume and the time interval between the two adjacent discharges. For those events with low initial pollutant concentrations, generally they either have a large antecedent discharge volume or a short time interval between the two adjacent discharges. For instance, E17 has the largest antecedent discharge volume, and E19, E9 and E20 have short time intervals in between the two adjacent discharges (12-36 h) as well as relatively large antecedent discharge volumes (35, 140 m 3 ) ( Table 1) . For those events with high initial pollutant concentrations, they have a small antecedent discharge volume and a long time interval between the two adjacent discharges (i.e., E1 with 84 h and 2,070 m 3 ; E10 with 180 h and 3,864 m 3 ) ( Table 1 ). The final pollutant concentrations are mainly affected by the volume of discharge and the initial pollutant concentrations. Larger discharges will produce lower final pollutant concentrations such as in E8, E3, E17, E20, E18 and E4 (discharge range from 99,360 m 3 to 892,170 m 3 ) (Table 1) . Also, the lower initial pollutant concentrations are likely to have lower final pollutant concentrations, such as in E19 and E9.
Inter-event EMC variability
The EMCs of COD, NH 4 þ -N and TP and discharge volumes for 20 events are compared in Figure 4 . Of the 20 events, eight exhibited COD EMCs below 200 mg/l (E3, E4, E9, E15 and E17-E20), mainly including those with low initial concentrations (E9, E17, E15 and E19, with low initial concentrations ranging from 131.2 to 297.6 mg/l; Figure 3 ) and large discharge volumes (E3, E4, E18, E17 and E20, with high discharges ranging from 190,440 to 892,170 m 3 ; Table 1 ). E4 and E18 had considerably lower values of NH 4 þ -N EMC ( 9.97 mg/L) and TP EMC ( 1.621 mg/L) than the other events. This result is mainly because these events had the largest discharge volumes. The E10 event had the largest COD, NH 4 þ -N and TP EMCs, mainly due to maximum initial concentrations and moderate rainfall. This result indicates that the COD, NH 4 þ -N and TP EMCs are affected by the discharge volume and initial pollutant concentration.
In addition, the time of occurrence of the discharge period is also an important factor that affects the COD, NH 4 þ -N and TP EMCs. For example, events E3 and E4 had similar initial concentrations of COD, NH 4 þ -N and TP ( Figure 3 ) but different total rainfalls (a difference of 100 mm; Table 1) ; however, the EMC and final concentration of COD were approximately the same. The NH 4 þ -N and TP EMCs of E4 were 27% and 21% lower, respectively, than the EMCs of E3, and the final concentrations of E4 were 74% and 15% lower than the concentrations of E3.
The final concentrations of COD, NH 4 þ -N and TP were 57.1, 4.91 and 0.96 mg/l, respectively, in E3, with a discharge volume of 190,440 m 3 ; however, the concentrations of COD, NH 4 þ -N and TP were 212.9, 21.48 and 2.37 mg/l, respectively, at the same discharge volume in E4. The concentrations of the two events were different, mainly because a discharge of 190,440 m 3 was observed at 23:40 in E3 (corresponding to the period when most people are sleeping and less sewage is produced) compared to the same volume discharge observed at 12:25 in E4 (corresponding to a period of higher human activity and higher sewage production). This result also suggests that sewage waters were an important source of COD, NH 4 þ -N and TP during the later stage of discharge in E4. The EMCs of NH 4 þ -N and TP are affected by total rainfall more than is the EMC of COD.
Inter-event EPL variability
The EPLs of COD, NH 4 þ -N and TP and discharge volumes for 20 events are compared in Figure 5 . The EPL trends of the three pollutants generally correspond to the discharge volume. The discharge volume is an important impact factor that affects the EPLs of the three pollutants. However, the initial concentration is another factor that affects EPLs. For example, the discharge volume was largest in E4, while the EPLs of COD, NH 4 þ -N and TP were second largest due to their lower initial concentrations compared to that of E18. The EPLs of COD, NH 4 þ -N and TP in E18 were the largest, and the event exhibited the second largest discharge volume. Additionally, E18 had the seventh, third and sixth largest initial concentrations of COD, NH 4 þ -N and TP, respectively. The COD EPLs of five events (E2, E12, E1, E10 and E8), the NH 4 þ -N EPLs of three events (E12, E2 and E10) and the TP EPLs of one event (E10) were larger than the EPLs of other events with similar discharge volumes ( Figure 5 ). This trend is also related to their high initial concentrations. Therefore, the initial concentration is an impact factor that cannot be ignored. Table 3 shows the correlations between the pollutant EMCs and EPLs (COD, NH 4 þ -N and TP), rainfall variables and discharge variables. The main objective of this study was to analyze the influences of rainfall and discharge variables on the concentrations and loads of pollutants in 20 events.
Correlations between rainfall and discharge variables based on EMC and EPL values
Correlations between the rainfall variables and the EMCs and EPLs
Based on the analysis of the correlation matrix, a negative correlation was found between the COD, NH 4 þ -N and TP EMCs and all of the rain variables, except the dry antecedent time, which was positively correlated with the EPLs of the three pollutants. The negative correlations between the EMC values of the three pollutants and four rainfall variables (R total , R duration , R intensity and R peak ) suggest that higher rainfall amounts, intensities and durations increase the amount of rainwater in the storm drainage and dilute the sewage and sediment, resulting in lower EMCs. High rainfall intensities result in considerable sediment flushing, increasing pollutant concentrations (COD and TP). However, high rainfall intensities are also associated with large rainfall amounts, resulting in dilution that decreases the EMC values.
Among the three pollutants (COD, NH 4 þ -N and TP), the negative correlations between the NH 4 þ -N EMC and the four rain variables were almost the most significant, with correlation coefficients ranging from À0.492 to À0.744 (at P < 0.05 or P < 0.01), followed by the TP and COD EMCs. The main reason for this result is that sewage waters are the main contributor of NH 4 þ -N. The dilution factor is larger during events with higher rainfall, decreasing the NH 4 þ -N concentration. By contrast, the EMCs of COD and TP are controlled by the sediment at the beginning of discharge, as well as the sewage waters, which reduce the dilution effect of rainfall. Strong correlations were found between the EPLs of COD, NH 4 þ -N and TP and the total rainfall (R total ), with correlation coefficients greater than 0.849 (at P < 0.01). The mean rainfall intensity (R intensity ) and peak rainfall (R peak ) were significantly correlated with the EPLs of the three pollutants, with correlation coefficients ranging from 0.752 to 0.813 and 0.593 to 0.640, respectively (at P < 0.01 significance levels). These results suggest that the total rainfall, mean rainfall intensity and peak rainfall affect the COD, NH 4 þ -N and TP EPLs because large rainfall events generally have high mean intensities and peak rainfalls, in which more sediment is flushed and more sewage waters are transported into receiving waters from the storm drainage. Among the three pollutant EPLs (COD, NH 4 þ -N and TP EPLs), the correlation between the NH 4 þ -N EPL and total rainfall (R volume ) is highest.
In terms of the dry antecedent time, positive correlations were observed between the EMCs of COD, NH 4 þ -N and TP (from 0.429 to 0.542), and these correlations were larger than those with EPLs. The correlation between the EPLs of COD, NH 4 þ -N and TP and the dry antecedent time is weak, because EPLs are mainly affected by the total rainfall (R total ). This result indicates that the dry antecedent time influences the EMC values, mainly because it reflects the effects of antecedent rainfall, which flushes a certain amount of sediment in the storm drainage, on the EMCs of the subsequent discharge. Generally, more sediment accumulates in the storm drainage during longer dry antecedent time. Although the previous discharge during dry times also flushes sediment, the discharge due to antecedent rainfall has a dilution effect on the sewage; thus, the dry antecedent time has a certain effect on the EMCs of the next event.
However, the influence of the dry antecedent time on the discharge volume is weak (r ¼ À0.161) and is associated with the high percentage of impermeable area (72%) in Caohejing. Generally, the soil moisture content varies at different dry antecedent times. However, because the percentage of permeable area is low, the influence of the dry antecedent time is not significant.
Correlations between discharge variables and the EMCs and EPLs
The EMCs of COD, NH 4 þ -N and TP are positively correlated with the time interval between two adjacent discharges (T ant discharge ) at low or weak correlation levels (Table 3) ; however, they are negatively correlated with the antecedent discharge volume (V pre discharge ), with significant correlation coefficients ranging from R values of À0.513 to À0.659 (at P < 0.05 or P < 0.01). These results indicate that the antecedent discharge volume has a greater impact on EMCs than does T ant discharge because a higher antecedent discharge transports more sediment from the storm drainage, which decreases the initial concentrations of the pollutants in the current discharge event. For example, the T ant discharge values in E1 and E5 are 84 h and 264 h, respectively, but the initial COD in E1 (1,076.5 mg/l) is larger than that in E5 (518 mg/l) because V pre discharge in E5 is 24,840 m 3 , which is 12 times that in E1 (Table 1 ; Figure 3 ). The EMCs of COD, NH 4 þ -N and TP are negatively correlated with the discharge volume. Among these correlations, the correlation coefficient of NH 4 þ -N is the largest (À0.728 at a P < 0.01 significance level), followed by those of TP and COD. These results indicate that the sediment in storm drainages at the beginning of a discharge event will significantly increase the COD, followed by that of TP. NH 4 þ -N is affected minimally by the sediment in the system. The EPLs of COD, NH 4 þ -N and TP are positively correlated with the discharge volume, with high correlation coefficients ranging from 0.881 to 0.949 (at the P < 0.01), indicating that the discharge volume and total rainfall are key factors that influence EPLs. This result is not surprising, given that the discharge volume and total rainfall are highly and positively correlated (r ¼ 0.982), which is consistent with the findings of Bi et al. (a) and Sabin et al. () .
Multiple regression analyses of the discharge volume, EMCs and EPLs
Independent variable screening
The discharge volume is only associated with five rainfall variables and is not related to the discharge variables. The EMCs and EPLs of the pollutants are related to rainfall and discharge variables. Therefore, five rainfall variables were included in the regression analysis of the discharge volume, and eight variables were included in the regression analyses of the EMCs and EPLs. To avoid multiple collinearity issues, the correlation coefficients between these variables were analyzed, as shown in Table 4 . There are two highly correlated variables, total rainfall and discharge volume, with a correlation coefficient of 0.982. The correlation coefficients between the groups of variables and dependent variables (EMCs and EPLs) are compared (Table 3) . Variables with larger correlation coefficients are selected and included in the regression equation, and variables with smaller correlation coefficients are eliminated (Table 4 ).
The multiple regression analysis equation
After eliminating some variables, the regression equations between the discharge volume, EMCs, EPLs, rainfall variables and discharge variables were established using a stepwise regression analysis method that met the T-test requirements (P < 0.05), as shown in Table 5 . The regression equation of the discharge volume was established using two variables, total rainfall and rain duration, with an adjusted R-square value of 0.981. The partial regression coefficients of the other rainfall variables (mean rainfall intensity, peak rainfall and dry antecedent time) did not meet the T-test requirements (P < 0.05) and were consequently eliminated from the equations. Seven variables were used in the EMC regression equations, excluding the discharge volume; however, no variables could describe the EMCs of COD and TP and meet the T-test requirements (P < 0.05). This result suggests that the data from the selected events cannot be used to estimate the COD EMC. Only two variables, total rainfall and the time interval between two adjacent discharges, satisfied the T-test requirements (P < 0.05) in the regression analysis of the NH 4 þ -N EMC. However, the adjusted R-square value of the equation was 0.641, which is less than 0.8, indicating that the equation established based on the 20 events cannot be effectively used to calculate the EMC of NH 4 þ -N. Seven variables were used in the EPL regression equations, excluding total rainfall. Three ns, non-significant; *significant at the 0.05 level (P < 0.05); **significant at the 0.01 level (P < 0.01); y, the variable with the larger correlation coefficient is included in the regression equation; n, the variable with the smaller correlation coefficient is eliminated.
regression equations were established for EPLs, and all had adjusted R-square values greater than 0.86. The results of the regression analysis suggest that the discharge volume and EPLs of COD, NH 4 þ -N and TP can be better estimated using rainfall variables and discharge variables. However, it is difficult to estimate the EMCs of COD, NH 4 þ -N and TP using regression equations with high adjusted R-square values, mainly because the EMCs are influenced more by various factors in a synergistic manner than are the discharge volume and EPLs, including total rainfall, mean rainfall intensity, peak rainfall, dry antecedent time, etc. Additionally, the correlation coefficients between the EMCs and independent variables are small, especially those of COD and TP ( Table 3) , indicating that these independent variables are not the most influential factors of EMCs. This result is consistent with that of the highway runoff study of Madarang & Kang () , which suggested that TSS loads can be predicted better than pollutant EMCs using multiple regression equations (Madarang & Kang ) .
The validity of each regression equation was verified by the pollution loads and discharge volumes of four rainfall events monitored in 2015, including a light rain, a moderate rain, a large rain and a heavy rain, as shown in Table 6 . For different rainfall types, the results show that the maximum relative error in the discharge volume is 7.6% (absolute value), and the minimum error is 4.4%; thus, they are both less than ±10%. The maximum relative error in the COD EPL is 16.8%, and the minimum error is 6.4%; the maximum relative error in the NH 4 þ -N EPL is 14.5%, and the minimum is 5.3% (absolute value); and the maximum relative error in the TP EPL is 18.8%, and the minimum is 3.3% (absolute value). All of these errors are less than ±20%; therefore, the relative error is not large overall, and these regression equations can be considered reliable in the system.
CONCLUSIONS
Based on the pollutant data collected during 20 rainfall events in a storm drainage inappropriately connected with sewage, the results of this study are as follows:
1. The EMCs of COD, NH 4 þ -N and TP were mainly affected by the total rainfall, discharge volume, initial pollutant concentrations and the occurrence time of the discharge period. The discharge volume and total rainfall are important factors that affect the EPLs of the three pollutants. Additionally, the initial concentration is an impact factor that must be considered. 2. The correlations between the EMCs of COD and NH 4 þ -N and TP and all of the rainfall variables, except the dry antecedent time, are negative, which is opposite the trend observed for EPLs overall. The absolute values of the correlation coefficients between the EMC and EPL of COD and the rainfall-discharge variables were almost the lowest (the correlation coefficient of the dry antecedent time was lowest), followed by those of TP and NH 4 þ -N. The antecedent discharge volume influenced the EMCs of COD, NH 4 þ -N and TP more than did the interval of time between two adjacent discharge events. The variables with the largest correlation coefficients between the EPLs and rainfall-discharge variables are the discharge volume and total rainfall, with correlation coefficients greater than 0.849 (at the P < 0.01 significance level). 3. The discharge volume and EPLs of COD, NH 4 þ -N and TP exhibited better regression relationships with rainfall-discharge variables (the adjusted R-square values of these equations range from 0.824 to 0.981) than did the EMCs of COD, NH 4 þ -N and TP, because the EMCs are synergistically influenced more by various rainfall and discharge factors than are the EPLs. The relative validation error of the discharge volume is less than ±10%, and the EPL errors of COD, NH 4 þ -N and TP are less than ±20%; thus, these regression equations can be considered reliable in the system.
